This paper presents an algorithm to identify the full configuration of a wired transmission line from its frequency response. It is assumed that the line can have up to two bridged taps. Each bridged tap divides the main line to two segments, and with two bridged taps there will be at most three segments in the main line. Furthermore, each segment of the main line and the bridged taps can have three different gauges. The problem of characterizing the line configuration is concerned with identifying each segment (main line segments and bridged taps) in terms of its length and gauge. The problem is solved in two phases: initialization and optimization. The algorithm can be used as single ended line testing, which means the line can be characterized by performing a simple test from the central office. Simulations demonstrate the efficacy of the proposed method.
INTRODUCTION
Telephone lines were originally installed for voice traffic. Since their original deployment (which goes back as far as 1881) there has been a technological revolution in the communications industry. In particular, development of digital subscriber line (DSL) technology in 1989 has opened up a new dimension in wired communication, enabling the transmission of megabits of data per second over the same twisted Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. To copy otherwise, to republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. pair channel which is used for plain old telephone service (POTS) [1] , [2] , [3] , [4] . DSL services can be classified as symmetric and asymmetric [1] . In a symmetric DSL service, transmission of data in both downstream and upstream directions is performed in the same frequency band. In an asymmetric DSL service, on the other hand, a higher transmission rate is assigned to the downstream channel, and there is no overlap between the downstream and upstream frequency bands [1] . Each service type has its own advantages and disadvantages in terms of quality of service (QoS), robustness, etc. whose details are not in the scope of this paper. However, they both suffer from a number of issues related to the physical characteristics of the channel. For example, some of the problems reported by the DSL customers are directly or indirectly related to the line configuration, and in particular to the characteristics (location and length) of any bridged tap which may exist in the line [4] . Bridged taps are open-circuited twisted pairs which are used by the telephone companies to increase the flexibility in providing service to customers [1] . However, they can potentially degrade the frequency response of the channel, specially in high frequencies (which is normally used for DSL services) [4] , [5] .
Many of the transmission channel problems noted above are related to the line configuration which was implemented before DSL was invented. It is not feasible to make fundamental changes in the telephone line configurations in order to obtain a more suitable network for DSL service. It is also not cost-efficient to send technicians to run tests and find the source of the problem after each trouble report, if this can be done simply from the central office (CO) [6] , [7] .
In this paper, it is desired to develop a program which can be used from the central office to test any transmission line and fully characterize it. The full characterization means determining the number of different line segments as well as the length and gauge of each segment. Each segment can have three different gauges, and each segment (depending on whether it is a bridged tap or is a part of the main channel) has prescribed upper and lower limits for its length. It is also assumed that each transmission line can have at most two bridged taps. The proposed characterization algorithm performs in two phases: initialization and optimal identification. The plan of the remainder of the paper is as follows. Section 2 briefly presents the frequency response of a wired transmission line. Section 3 explains the functionality of bridged taps and their effects in the frequency response of the transmission line. Details of the proposed algorithm are discussed in Section 4. The effectiveness of the proposed line identification technique is demonstrated by simulations in section 5, and finally section 6 summarizes the contributions of this work.
PRELIMINARIES

Frequency Response of a Single Transmission Line
Twisted-pair transmission lines can be modeled as a twoport (or ABCD) network as shown in Figure 1 [1] . The voltage and current of each port depends on the source and load impedances satisfying the following matrix relation:
where Φ is a 2 × 2 matrix of the four frequency-dependent parameters A, B, C and D. These parameters are given by:
(2) A subscriber loop of length l has the following two-port model [1] :
Here γ and Z0 are the propagation constant and the characteristic impedance of the line, respectively. In particular:
where α is the attenuation constant and β is the phase constant. Furthermore, R, L, C and G are the primary constants, namely resistance, inductance, capacitance and conductance, respectively, of the transmission line which are expressed in per unit length. These constants also depend on frequency. Resistance is an increasing function of frequency, and at low frequencies (typically from 0 to 10 KHz) its value is almost constant. On the other hand, inductance is a decreasing function of frequency, and at low frequencies its value is also almost constant [1] .
Frequency Response of a Subscriber Loop with Multiple Segments
A bridged tap (which is an open-circuited twisted pair providing flexibility for future additions and changes in service demands) can be viewed as a three-port network. However, one of the ports appears as a load impedance to the line between the two segments on each side of the bridged tap. Thus, a bridged tap has the following two port characterization model [1] :
where Z bt denotes the characteristic impedance of the bridged tap. Note that a transmission line with one bridged tap consists of three segments as shown in Figure 2 (a): segment #1 between the central office (CO) and the point O where the bridged tap is connected to the main line; segment #2 which is the bridged tap, and segment #3 between the connection point O and the customer premise equipment (CPE). The main line or main channel connecting the CO to the CPE in this case consists of segments #1 and #3, and is the primary contributor to the attenuation of the signal passing through the line (both uplink and downlink). The effect of the bridged tap, as discussed later, is the reflection of the signal passing through the main channel from the connection point. Figure 2 (b) depicts the line configuration for the case of two bridged taps, and the five segments associated with it. The problem of the characterization of the line configuration is concerned with identifying the length and gauge of each segment of the transmission line (bridged taps and main-channel segments).
The frequency response of a subscriber loop with multiple segments can be found by multiplying the corresponding two-port ABCD matrices of different segments, which are, in fact, connected in series [1] . The matrices are multiplied in the natural order of appearance from the CO to CPE. As an example, for the transmission line with two bridged taps shown in Figure 2 (b) one can write:
where φi represents the frequency response of segment #i, i=1,...,5. The two-port model for the voltage source, on the other hand, is given by:
where ZS is the source impedance. Moreover, the output voltage and current are related by the following scalar equation:
where Z L is the load impedance. From the above equation, one can obtain the transfer function of the transmission line given as follows:
Now, by using the ABCD model for the whole line, the expression of the transfer function or the frequency response of the subscriber loop is [1] : 
EFFECTS OF DIFFERENT TRANSMIS-SION LINE SEGMENTS
When a signal is transmitted through a twisted pair, some of its energy leaks out from the main channel and some is reflected back to the bridging location by the open circuited twisted pair as shown in Figure 2 (a). The reflected signal (which is a delayed and distorted version of the main signal) creates two types of interferences as shown in the figure and discussed below.
i) First component of interference is the one that travels in the same direction as the main signal, which is added to it and will appear as noise to the receiver.
ii) Second component of interference is the one that propagates back and will appear as an echo to the transmitter.
In addition to the above two interference components, there is another damaging effect of the bridged tap, namely net loss caused by nulls (dips) in the transfer function of the loop. In fact, for certain frequencies a sine wave reflected by the bridged tap can arrive at the bridging location with a phase shift of 180 with respect to the corresponding sine wave in the main signal. When this occurs, the two frequency components subtract in amplitude and the result is a noticeable dip in the overall transfer function of the loop around this frequency. These dips occur at frequencies for which the bridged tap length d bt is equal to an odd multiple of one quarter of the wavelength of that frequency. Let
, where v(f ) is the phase velocity and τ φ (f ) is the phase delay. The first null occurs at [5] :
Other nulls occur at frequencies which are equal to [5] :
The expression in (11) is a highly nonlinear function of the first null frequency (f0). However, it can be solved by approximation for bridged taps up to a certain length (less than 2 Kft). In such configuration, the nulls occur in a frequency range where the phase delay is approximately constant and equal to about 8.7 micro sec/mile [5] . Hence:
where f0 and d bt are in KHz and Kft, respectively. This figure shows the first null occurs approximately at 304 KHz, and the second one at around 304×3=912 KHz. Thus, from equation (13) the length of the bridged tap is obtained to be 494 ft, which is very close to the exact value.
Using the method presented above, the lengths of multiple bridged taps in a loop can be heuristically determined by applying the principle of superposition and using equation (13) . First of all, one needs to identify distinct groups of dips which meet the condition expressed by equation (12) . The number of such groups indicate the number of bridged taps in the loop. The lengths of different bridged taps can be obtained from the smallest frequency in each group. However, such groupings can be made only if the length of a bridged tap is not an odd multiple of the length of another bridged tap (because in such cases the corresponding nulls coincide).
As an example, the magnitude response of a transmission line with two bridged taps is given in Figure 4 . The smallest null frequencies corresponding to these bridged taps are 183 KHz and 390 KHz. Hence, from equation (13) the bridged tap lengths are obtained as 818 ft and 385 ft. Given the frequency response (magnitude only) of a transmission line, it is desired now to characterize its configuration by finding the length and gauge of each segment of the line. To this end, an optimization procedure is developed which aims to find a configuration with the closest magnitude response to the given function (in the sense of integral of the squared error in the frequency domain). As the first step of the underlying optimization procedure, it is important to find an initial estimate of the length of each segment within about 20% accuracy. If the initial estimate is not in a reasonable neighborhood of the exact values, the algorithm can converge to different local minima, or even diverge.
IDENTIFICATION OF LINE CONFIGU-RATION
Finding an Initial Estimate for Line Configuration
The following assumptions will be used in the development of the procedure.
Assumption 1:
The length of each bridged taps is assumed to be either 0 or between 400 ft and 1500 ft.
Assumption 2:
There can be only one or two bridged taps. In the latter case, both bridged taps have the same gauge.
Assumption 3:
The overall length of the main channel does not exceed 20 Kft.
Assumption 4:
The frequency response of the line is given in a bin-by-bin basis (each frequency bin is 4.3125 KHz), from the 6th bin (25.875 KHz) to the 256th bin (1.104 MHz).
It is to be noted that Assumption 1-3 are in accordance with the standard loop configurations [4] . Assumption 4, on the other hand, reflects the practical constraints in measuring the frequency response of the line from the CO. To obtain an initial estimate for the length of the bridged tap, the frequency of the first null caused by each bridged tap in the frequency response will be used in equation (13), as discussed in the previous section. To check different line configurations, 5 line segments are considered as the most general case (two bridged taps and three main line segments). Note that the case of one bridged tap or no bridged tap in the configuration, are special cases of a 5-segment line, where the length of one or two segments is zero. The number of different combinations of line segments which one needs to check is as follows:
i) Each segment can have 3 different gauges. Since both bridged taps are assumed to have identical gauges, the total number of possible gauge combinations for the five segments is equal to 3 4 = 81.
ii) In order to obtain a reasonably accurate initial estimate, the main line will be divided to 12 units. It is straightforward to verify that the total number of different combinations for this units (corresponding to a line with two bridged taps) is 1 + 2 + ... + 12 = 78. Note that the real length of each unit can be obtained by dividing the overall length of the channel by 12. Note also that using the above technique the minimum number of units for a segment is zero, and the maximum number for it is 12.
The initial configuration search is accomplished by a MAT-LAB code which finds the frequency response of a total of 81 * 78 = 6318 combinations in a bin-by-bin format. The difference between the magnitude of this frequency response and that of the given frequency response is then computed as a measure of error (integral of the squared error over frequency). The combination corresponding to the minimum error will be chosen as the initial condition for the optimization procedure.
Search for the Optimum Configuration
The initial line parameters generated in the previous stage will now be used in the main optimization program to find the closest match for the line configuration. The performance index is the numerical integral of the squared error (the difference between the magnitude responses of the real line and the configuration considered by the optimization program in each iteration). The program uses NelderMead's simplex search method, and examines different line gauges for different segments in a way similar to the initialization program. If the performance index resulted by the optimization program for a specific configuration is less than a reasonable margin, the program will stop and the corresponding configuration will be the final result.
The problem solved here is, in fact, a constrained optimization problem, as the length of each segment must be positive, and by assumption, should not exceed certain limits. These constraints are implemented by considering a penalty function in the corresponding MATLAB code. On the other hand, in order to avoid long execution times, reasonable limits have been considered for the number of iterations and also for the accuracy of the results in the optimization procedure, as the termination conditions. configuration as noted before. This shows the importance of the initialization phase. A similar problem also occurs when the real line configuration does not satisfy required assumptions (e.g., has more than five segments). In any case, the algorithm returns a configuration with the closest frequency response to the real line.
SIMULATION RESULTS
Two examples are given in this section for the characterization of a transmission line from the bin-by-bin magnitude response. In the first example a transmission line with one bridged tap and in the second example a transmission line with two bridged taps is considered. The magnitude response of this transmission line is shown in Figure 6 , and the corresponding information is provided in a bin-by-bin fashion to the initialization and optimization procedures developed in this work. The outcome of the initialization procedure is as follows (for segment numbers see The magnitude response of this transmission line is shown in Figure 7 , and the corresponding information is provided in a bin-by-bin fashion to the initialization and optimization procedures developed in this work. The outcome of the initialization procedure is as follows (for segment numbers see Figure 2 (b)): This demonstrates that the procedure has converged to the exact values for this configuration. The initialization and optimization procedures for this example take 2.27 min and 0.23 min, respectively on a personal computer with a 2.33 GHz Intel Core 2 Duo CPU and 2.00 GB RAM.
CONCLUSIONS
This paper presents a technique to identify the configuration of a transmission line in a wired communication network from its frequency response. The proposed technique aims to find the closest match for the given magnitude response, using the integral of squared error as the measure of closeness. The procedure consists of two phases: initialization and optimization. The initialization phase provides a reasonable initial estimate of line parameters for the optimization program, which uses direct search method to find the optimal solution. It is assumed that the transmission line consists of not more than two bridged taps, and that the length of bridged taps and main channel are within certain ranges in accordance with the loop standards. The result can be used as a single-ended testing of the line from the central office to characterize it and determine any sources of possible problems in the signal transmission. Simulations demonstrate the effectiveness of the proposed technique.
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